The Streptococcus pneumoniae fucose utilization operon includes a gene encoding a virulence factor that belongs to family 98 in the glycoside hydrolase classification. This protein contains a C-terminal triplet of fucose binding modules that have significant amino acid sequence identity with the Anguilla anguilla fucolectin. Functional studies of these fucose binding modules reveal binding to fucosylated oligosaccharides and suggest the importance of multivalent binding. The high resolution crystal structures of ligand bound forms of one fucose binding module uncovers the molecular basis of fucose, ABH blood group antigen, and Lewis y antigen binding. These studies are extended by fluorescence microscopy to show specific binding to mouse lung tissue. These modules define a new family of carbohydrate binding modules now classified as family 47.
The Streptococcus pneumoniae fucose utilization operon includes a gene encoding a virulence factor that belongs to family 98 in the glycoside hydrolase classification. This protein contains a C-terminal triplet of fucose binding modules that have significant amino acid sequence identity with the Anguilla anguilla fucolectin. Functional studies of these fucose binding modules reveal binding to fucosylated oligosaccharides and suggest the importance of multivalent binding. The high resolution crystal structures of ligand bound forms of one fucose binding module uncovers the molecular basis of fucose, ABH blood group antigen, and Lewis y antigen binding. These studies are extended by fluorescence microscopy to show specific binding to mouse lung tissue. These modules define a new family of carbohydrate binding modules now classified as family 47.
Pneumonia is an acute respiratory disease that is caused by viral or bacterial pathogens. The major causative agent of pneumonia is the encapsulated, facultatively anaerobic, Gram-positive, ␣-streptococcus bacterium Streptococcus pneumoniae. Having no known environmental pool, the S. pneumoniae niche appears to be strictly limited to a relationship with animals. In roughly ϳ40% of humans it is a transient commensal of the throat and upper respiratory tract. However, S. pneumoniae frequently slips out of this passive role and into one of an accomplished pathogen. Indeed, invasive S. pneumoniae infections are a leading cause of death worldwide (1) . The hardest hit are children less than 5 years old, where ϳ3 million worldwide succumb annually to S. pneumoniae infections (2) . In addition to pneumonia, this bacterium can cause meningitis, septicemia, and otitis media (1) . S. pneumoniae is clearly a serious pathogen that places a considerable burden on healthcare systems. Alarmingly, the frequency of antibiotic resistance in community-acquired strains of S. pneumoniae is increasing (3), requiring increased vigilance and redoubled research efforts aimed at fighting this bacterium.
Recent signature-tagged mutagenesis experiments have suggested that numerous genes encoding putative glycoside hydrolases are necessary for the full virulence of S. pneumonia in a murine lung model of pneumonia (4) . One such gene (SP2159 of S. pneumoniae TIGR 4) is the co-called "fucolectin-related protein" but is here called SpGH98. This gene is part of a fucose utilization operon that is conserved among the three sequenced strains of S. pneumoniae. Curiously, although it has been shown that the fucose utilization operon in S. pneumoniae is expressed (5) , this bacterium is not capable of using fucose as a sole carbon source, indicating a non-nutritional role of SpGH98 in virulence. This protein is a 1038-amino acid protein of which the ϳ600 amino acid N-terminal region shows amino acid sequence identity with family 98 glycoside hydrolases. After this is a triplet of modules ( Fig. 1 ) having roughly 50 -60% identity with one another and ϳ25% amino acid sequence identity to the Anguilla anguilla fucose-specific lectin (AAA) 2 (6). To better understand the possible carbohydrate binding function of these C-terminal modules, which appear to fall into the family of so-called F-type lectins (6), we have dissected the modular structure of SpGH98 by heterologous production of two single modules (SpX-1 and SpX-3), a tandem construct (SpX-1.2) and the triplet (SpX-1.2.3). This work reports the oligosaccharide binding specificity of these bacterial lectin-like carbohydrate-binding modules (CBMs), which are classified on the basis of this study as family 47 CBMs, and explores the molecular basis of their specificity by x-ray crystallography. The apparent specificity of these modules for blood group antigens, particularly the Lewis y antigen, is relatively rare among carbohydrate-binding proteins and quite unusual, although not entirely unique (7), among bacterial carbohydrate-binding proteins. The observation that these fucose binding modules fall within the context of a putative enzyme involved in the virulence of S. pneumoniae is quite extraordinary and hints at an unexplored role of carbohydrate recognition in bacterial pathogenesis.
Cloning-The DNA fragments encoding the desired modules (see Fig. 1 ) of the putative S. pneumoniae (TIGR4) family 98 glycoside hydrolase (see GenBank TM AE007504; open reading frame SP2159) were amplified by PCR from genomic DNA (ATCC BAA-334D) using previously described methods (8) . The oligonucleotides used were 5Ј-CATATGGCTAGCACAC-CAGATAAATTTAATGATG-3Ј (X1F), 5Ј-CTCGAGAAGC-TTTTATGATCTAAAAACCTCTAC-3Ј (X1R), 5Ј-CTCGA-GAAGCTTTTACTTTGAACCATAGACTTCAAG-3Ј (X2R), 5Ј-CATATGGCTAGCAGAACTCCGAAGAAACTTTC-3Ј (X3F), and 5Ј-CTCGAGAAGCTTTTACTTATAAGTATAA-ACCTCTAC-3Ј (X3R). The SpX-1 module was amplified with the oligonucleotide pair X1F and X1R, SpX-3 module was amplified with X3F and X3R, the SpX-1.2 tandem module was amplified with X1F and X2R, and the SpX-1.2.3 triplet module was amplified with X1F and X3R. The amplified DNA products were cloned via their 5Ј-and 3Ј-engineered NheI and HindIII restriction sites into identically digested pET28a to give the plasmids pSPX1, pSPX3, pSPX12, and pSPX123, respectively. The encoded polypeptides contained an N-terminal His 6 tag fused to the desired module by a thrombin protease cleavage site.
Protein Production and Purification-Polypeptides were produced in 4-liter cultures of Escherichia coli BL21(DE3) containing pSPX1, pSPX3, pSPX12, or pSPX123 using methods described previously (9) . SpX-1, SpX-3, SpX-1.2, and SpX-1.2.3 were purified by immobilized metal ion affinity chromatography from cell free extracts following previously described procedures (9). SpX-3 was solubilized from inclusion bodies and simultaneously renatured and purified by immobilized metal ion affinity chromatography as described previously (10) . Purified polypeptides were concentrated and exchanged into 20 mM Tris HCl, pH 8.0, in a stirred ultra-filtration unit (Amicon, Beverly, MA) on a 5000 molecular weight cut-off membrane (Filtron, Northborough, MA). Purity, assessed by SDS-PAGE, was greater than 95%.
Determination of Protein Concentration-The concentration of purified protein was determined by UV absorbance (280 nm) using a calculated molar extinction coefficients (11) Binding Studies-Fucose affinity chromatography experiments were run on an AKTA fast protein liquid chromatograph using immobilized fucose resin (EY Laboratories, Inc.) packed in a 1-cm diameter column with a packed bed volume of 5 ml. The column was pre-equilibrated with phosphate-buffered saline (PBS), and a sample containing 2 mg each of SpX-1.2.3, SpX-1.2, and SpX-1 was loaded on to the column. The column was washed with 3 column volumes of PBS followed by 1 ml of 300 mM L-fucose in PBS. Protein elution was monitored by both UV absorbance at 280 nm and SDS-PAGE.
Binding to soluble oligosaccharides was assessed by their ability elute SpX-1.2.3 from immobilized fucose resin. Briefly, excess SpX-1.2.3 was incubated with 500 l (packed volume) of fucose resin with agitation at room temperature for 1 h. The resin was pelleted by centrifugation, and the supernatant was removed and washed with 1 ml of PBS. Centrifugation and washing was repeated 5 additional times to remove any unbound SpX-1.2.3. On the final wash samples of 60 l were separated into aliquots and centrifuged, and 40 l of supernatant was discarded to give a 20-l volume of packed resin. 15 l of sugar solution was added to this, incubated for 1 h, and centrifuged to pellet the resin. 10 l of supernatant samples were incubated with an equal volume of SDS-PAGE loading buffer and separated on a 10% SDS-polyacrylamide gel. Band intensities were quantified by densitometry. Data were corrected by subtraction of the amount of protein removed by incubation with only buffer (i.e. no sugar) and presented as values normalized to the amount of protein removed by excess L-fucose (20.8 mM), which was considered as 100% of the protein removed from the resin. Error was estimated to be ϳ5% based on triplicate measurements for the 2.1 mM fucose samples.
Isothermal titration calorimetry (ITC) was performed as described previously (12) using a VP-ITC calorimeter (MicroCal, Northampton, MA). Protein samples were extensively dialyzed against buffer (50 mM Tris HCl, pH 7.5) then concentrated in a stirred ultrafiltration cell as above. Sugar solutions were prepared by mass in buffer saved from the ultrafiltration step. Both protein and sugar solutions were filtered and degassed immediately before use. Protein concentrations were determined by UV absorbance as described above. Aliquots of 5 mM Lewis y antigen were titrated into SpX-1 (87 M). In this case, the C-value (13) was less than 1 due to the low binding affinity. Based on the 1:1 binding observed in the crystal structure, the stoichiometry was fixed at 1 in the analysis of this data. Data were fit with a single binding site model.
Indirect Immunofluorescence-SpX-1.2.3 was labeled with FITC as per the manufacturer's protocol (Invitrogen). Free label was separated from the labeled protein by gel filtration using Sephadex G-75. Freshly dissected, normal mouse lungs were infiltrated at room temperature with OCT compound and frozen at Ϫ800°C. Cryostat sections (10 -15 m) were collected on gelatin-coated glass slides. Some sections were postfixed with 4% paraformaldehyde in PBS (5 min) followed by 100% methanol (1 min). The sections were rinsed and blocked in 5% lamb serum in PBS Tween 20 for 45 min at room temperature. Fluorescently labeled carbohydrate affinity proteins were diluted to 200 -250 pg/l in 5% lamb serum in PBS and applied directly to sections for overnight incubation (4°C). For double labeling experiments, primary antibody (anti-proSurfactant protein C, Chemicon) was diluted in 5% lamb serum in PBS (1:1000) and applied to sections overnight. Sections were rinsed 3 times in PBS, and Alexa 568-conjugated goat anti-mouse IgG secondary antibody (Molecular Probes) diluted as 1:800 or 1:1500 in 5% lamb serum PBS was applied to each section. After incubation (2 h) sections were rinsed with PBS. In some preparations sections were counter-stained with Hoechst 33342 (Molecular Probes). Sections were mounted with coverslips and examined with a Leica DM-6000, and images were cap- tured with a Hamamatsu Orca wide-field camera controlled with Openlab software (4.04). Contrast and brightness were adjusted and images cropped and assembled using Photoshop.
Crystallization, Data Collection, and Structure Determination-SpX-1 and SpX-3, previously exchanged into 20 mM Tris, pH 8.0, were treated overnight at room temperature with thrombin to remove the His 6 tag. The polypeptides were separated from the cleaved His 6 tag by size exclusion chromatography using a Sephacryl S200 column (GE Biosciences). Pure fractions were concentrated in a 10-ml stirred ultrafiltration device using a 5000 molecular weight cut-off membrane. All crystallizations were performed by the hanging drop vapor diffusion method at 18°C. SpX-1 (at 20 mg/ml) was crystallized uncomplexed and in complex with sugars in 20 -22% polyethylene glycol 1500, 0.15 M KSCN, and 0.1 M Tris-HCl, pH 7.5. Crystals of SpX-1 in the presence of the Lewis y antigen were only obtained after streak-seeding drops with crushed crystals of uncomplexed SpX-1. SpX-3 (at 25 mg/ml) was crystallized in 30% polyethylene glycol 5000 monomethyl ether, 0.2 M (NH 4 ) 2 SO 4 , and 0.1 M MES, pH 6.5. Crystals were flash-frozen in liquid nitrogen in mother liquor supplemented with 20 -25% ethylene glycol.
Diffraction data for all crystals except the SpX-1 type II blood group H-trisaccharide complex were collected with a Rigaku R-AXIS 4ϩϩ area detector coupled to a MM-002 x-ray generator with Osmic "blue" optics and an Oxford Cryostream 700 cryocooler. Diffraction data for the SpX-1 type II blood group H-trisaccharide complex was collected at the National Synchrotron Light Source (Brookhaven, Long Island, NY) on beam line X8-C. All data were processed using Crystal Clear/d*trek (14) . Data collection and processing statistics are given in Table 1 .
Using the data for uncomplexed SpX-1 and the coordinates of the fucose specific lectin from A. anguilla (Protein Data Bank code 1k12 (6)) as a search model, the program molrep (15) was able to find two molecular replacement solutions corresponding to the two SpX-1 molecules in the asymmetric unit. One molecule was corrected by successive rounds of building using COOT (16) and refinement with REFMAC (17). This corrected model was used to replace the second molecule in the asymmetric unit followed by additional rounds of building and refinement. This model was used directly as a starting point in the building and refinement of SpX-1 in complex with carbohydrate ligands. The coordinates of SpX-1 were used to solve the structure of SpX-3 by molecular replacement. The single molecule of SpX-3 in the asymmetric unit was corrected and refined as above. Water molecules were added using the REF-MAC implementation of ARP/wARP (18) and inspected visually before deposition. In all data sets the same five percent of the observations were flagged as "free" (19) and used to monitor refinement procedures. All final model statistics are given in Table 1 . Coordinates and structure factors have been deposited with the PDB codes of 2j1r (SpX-1 uncomplexed), 2j1s (SpX-1 in complex with fucose), 2j1v (SpX-1 in complex with the H-trisaccharide), 2j1u (SpX-1 in complex with the blood group A-tetrasaccharide), 2j1t (SpX-1 in complex with the Lewis y antigen), and 2j22 (SpX-3). Structure images were prepared with PyMOL).
RESULTS AND DISCUSSION
Carbohydrate Binding Specificity-SpX-1.2.3 bound tightly to resin immobilized L-fucose in a column chromatography format and did not appear to desorb except when a high concentration of soluble L-fucose was used to wash the column ( Fig.  2A) . In contrast, the single module construct, SpX-1, did not appear to interact with the column at all while the double module construct, SpX-1.2, was somewhat retained but did elute with the buffer wash ( Fig. 2A) . Thus, the SpX modules do appear to have an affinity for fucose, but the affinity of an individual module is low. Indeed, binding to fucose could be detected by UV difference titrations and isothermal titration calorimetry, but the affinity was too low to quantify (not shown). The natural linking of the three modules appears to confer a high apparent affinity for immobilized fucose. This is consistent with the avidity affects observed with many glycoside hydrolase derived tandem CBMs (20) and multimeric lectins (21).
The soluble sugar binding specificity of SpX-1.2.3 was investigated by competitive elution of SpX-1.2.3 from immobilized fucose (Fig. 2B) . This revealed binding to L-fucose, the blood group H-disaccharide, blood group A and B trisaccharides, better binding to the type II blood group H-trisaccharide and 2Ј-fucosyllactose (␣-L-fucosyl- (1,2) (Fig. 2B) . These results are consistent with the specificity determined for the entire SpGH98 protein determined by glycan microarray screening, the results of which are publicly available through the Consortium for Functional Glycomics.
The binding affinity for the Lewis y antigen was further explored by ITC. To obtain sufficient quantities of protein for ITC and minimize the complexities of using a protein with multiple binding sites, we did not use SpX-1.2.3 but instead chose to use SpX-1. This analysis revealed a relatively small association constant (K a ) of ϳ1 ϫ 10 3 M Ϫ1 . Because of the low affinity, the stoichiometry of binding could not be accurately deconvoluted by the fitting process. On the basis of the SpX-1 structure, which revealed a single binding site (see below), fixing the stoichiometry at one for the data-fitting was deemed valid (22) . This analysis yielded a K a of 1.46 (Ϯ0.02) ϫ 10 3 M Ϫ1 , a ⌬G of Ϫ4.32 (Ϯ0.02) kcal/ mol, a ⌬H of Ϫ8.56 (Ϯ0.40) kcal/ mol, and a ⌬S of Ϫ14.25 (Ϯ1.41) cal/mole/K (see supplemental Fig.  1 ). This signature of an enthalpically driven binding process with partially offsetting unfavorable entropy is common to many protein-carbohydrate interactions, particularly lectins (23) and carbohydrate binding modules (20) .
The S. pneumoniae Fucose Binding Modules Recognize Lung Tissue-The ability of the SpX-1.2.3 triplet to specifically recognize lung tissue was investigated by fluorescence microscopy of mouse lung sections probed with FITC labeled SpX-1.2.3 (SpX-FITC). In these preparations SpX-FITC localized to a subpopulation of cells in the lung. Pneumocytes bound the probe most intensely, and there was binding to the epithelial lining of the bronchi (Fig. 3) . The binding of SpX-FITC to pneumocytes localized to vesicles in the cytoplasm (Fig. 3A, inset) . Some of the cells binding SpX-FITC in alveoli are type II pneumocytes, identified by co-localization of anti-pro surfactant C protein (Fig. 3, B-D) . Preabsorption of SpX-FITC with 1 M fucose substantially reduced binding to tissues consistent with fucose-dependent binding to the lung tissue (Fig. 3, E and F) . Fluorescently labeled Ulex europaeus lectin (UEA1), which has a preference for the type II blood group H-trisaccharide and the Lewis y antigen (24), had a qualitatively similar pattern of binding to tissue as that of SpX-FITC consistent with their shared carbohydrate binding specificity (Fig. 3G) . Taken together, these results clearly reveal a specific interaction of the SpX modules with mouse lung tissue and a fairly widely distributed target ligand.
Fold of the SpX Modules-SpX-1 adopts an eight-stranded ␤-sandwich-fold comprising a five-stranded anti-parallel ␤-sheet opposing another three-stranded anti-parallel ␤-sheet (Fig. 4) . Two short stretches of ␣-helix separate ␤-strands 1 and 2, while another short ␣-helix separates ␤-strands 3 and 4. A single metal ion, likely calcium, is heptahedrally coordinated by the backbone carbonyls of Arg-37, Asn-42, and Ser-51 and by the side chains of Asp-40, Ser-51, and Glu-144. The position of this atom is conserved with AAA (so-called F-type lectins) as well as a number of CBM families (20) . Perhaps not surprisingly, the closest structural neighbor of SpX-1 is AAA, which when overlapped with SpX-1, gives a root mean square deviation of ϳ1.4 Å 2 (as measured with PyMol more than ϳ110 matched C␣ residues). Slightly more distant structural neighbors are the family 6, 32, 35, and 36 CBMs, which belong to a large ␤-sandwich superfamily of carbohydrate-recognizing proteins.
The Molecular Determinants of SpX-1 Sugar SpecificityThe electron density maps of the fucose complex unambiguously revealed the position of single ␤-L-fucose residues bound to each of the SpX-1 monomers in the asymmetric unit (Fig.  5A) . Tyr-31 and Phe-47 create a relatively hydrophobic pocket that cradles the C6-methyl group. Tyr-31 "stacks" against the flat, apolar surface created by carbons 3-6 on the A-face of the L-fucose (Fig. 5A) . Specificity for the non-reducing end of L-fucose is conferred by three potential hydrogen bonds to the axial O4 of the sugar from the terminal guanido nitrogens of Arg-81 and Arg-88 and the ⑀N from the imidazole ring of His-54 (Fig.  6A) . The complement of protein-carbohydrate hydrogen bonds is completed by interactions between O3 and the endocyclic oxygen of the fucose and the terminal guanido nitrogens of Arg-88 and Arg-81.
Additional potential interactions in the SpX-1 binding site were mapped by cocrystallizing the protein with the type II H-trisaccharide, a blood group A-tetrasaccharide analogue (based on 2Ј-fucosyllactose), and the Lewis y antigen. In each case the electron density for the sugar was well defined, allowing its unambiguous modeling (Fig. 5, B-D) . However, unlike with the fucose complex, only one molecule of SpX-1 in the asymmetric unit had bound oligosaccharide. Crystal packing around the binding site of the second molecule appeared to obscure the binding site and prevent ligand binding. For each of these ligands the interactions between the galactose linked fucose residue and the protein were identical to those observed in the fucose complex (Fig. 6, B-D) . Likewise, for the three oligosaccharides the galactose moiety makes minimal interactions with the protein through water-mediated hydrogen bonding networks (Fig. 6, B-D) .
The O3 of the GlcNAc in the H-trisaccharide antigen makes a potential direct hydrogen bond with the side chain of Asn-48, whereas additional water-mediated hydrogen bonds are made with the GlcNAc 2Ј-acetamido group. The Lewis y antigen does not make this direct hydrogen bond due to a slight shift of the GlcNAc in the binding site relative to the GlcNAc in the H-trisaccharide. However, numerous water-mediated hydrogen bonds are made. In both the H-trisaccharide and Lewis y complexes, the surface defined by the C6, C5, O5, and C1 atoms of GlcNAc appears to interact with the edge of the Tyr-31 phenol ring. This GlcNAc is replaced by a glucose residue in the A-tetrasaccharide analogue. The lack of the 2Ј-acetamido group appears to allow the glucose to shift slightly in the binding site causing the glucose to make no hydrogen bonds with the protein. However, the glucose in the A-tetrasaccharide maintained similar interactions with the edge of the Tyr-31 phenol ring as did the GlcNAc in the H-trisaccharide and the Lewis y antigen. The terminal ␣-1,3-linked GalNAc residue, which determines the blood group type A, made scarce interactions with the protein (Fig. 6C) . Only a single water-mediated hydrogen bond is made between O3 of this sugar and the backbone nitrogen of Glu-85. The apolar B-face of GalNAc, particularly the C2-C4 plane, sits above a platform formed by the side chains of Glu-85 and Ala-84 (not shown). Thus, this assemblage of interactions should not legislate against binding of the blood group B antigen. Consistent with this was the roughly equal abilities of the A-and B-trisaccharides to compete with the binding of SpX-1.2.3 to immobilized fucose (Fig. 2B) .
The fucose linked to the core GlcNAc of the Lewis y antigen appears to force the GlcNAc residue of this sugar into a slightly different position relative to the same sugar in the H-trisaccharide. As mentioned, this results in the sacrifice of a direct hydrogen bond to this sugar for an extensive network of water-mediated hydrogen bonds in the Lewis y antigen. However, the additional fucose of the Lewis y antigen adds a direct hydrogen bond and a water-mediated hydrogen bond, the former with Asn-48 and the latter with Asp-83.
The primary determinant of binding is clearly a number of specific interactions between the protein and the key H-antigen fucose. Additional binding energy and specificity seems to require principally shape complementarity between the binding site and the saccharide to which the fucose is attached. On the basis of this, there is little to suggest that the SpX-1 module would not also accommodate ligands based on the type I H-trisaccharide core. Modeling of this ligand into the SpX-1 binding site using the type II H-trisaccharide as a guide suggests that the 2Ј-acetamido group of the type II H-trisaccharide would be positionally replaced by the C6-hydroxylmethly group of the same GlcNAc in the type I H-trisaccharide (not shown). Though it appears that this ligand could be accommodated, it is unclear how the spatial replacement of the 2Ј-acetamido group with the C6-hydroxymethyl group would impact the binding affinity. Lack of binding to the Lewis x and Lewis a trisaccharides, which adopt a roughly similar conformation to the H-trisaccharide, may be due to steric intramolecular restraints resulting from the differing positions of the chemical substituents of these sugars. This may cause them to adopt subtly different conformations from the H-trisaccharide and, thus, violate the shape complementarity between the sugar and the binding site.
Structural Relationships between the SpX Modules-SpX-1 and SpX-3 overlapped each other with a very small root mean square deviation of 0.4 Å 2 (as measured with PyMol over ϳ121 matched C␣ residues) highlighting their structural identity. The binding sites of these modules are extremely similar except the replacement of Asn-48 in SpX-1 with glycine in SpX-3 (Fig. 7A) . Examination of the amino acid sequence alignment of the SpX modules shows that the binding site residues of SpX-2 are identical to those of SpX-3 (Fig. 7C) . Given the ability of the H-trisaccharide and Lewis y antigen to elute SpX-1.2.3 from immobilized fucose, all of the SpX modules must share the ability to bind these sugars, suggesting the impact of this asparagine to glycine substitution on specificity is low. However, the relative affinities of the SpX modules for these sugars is currently unknown.
SpX Modules and the A. anguilla Fucolectin-The constellation of hydrogen-bonding interactions between the polypeptide and fucose is virtually identical for AAA and SpX-1 (Fig. 7 , B and C). The differences in the binding sites of these two proteins arise mainly in the loop comprising residues 28 -34 of SpX-1. In AAA, the analogous loop comprising residues 21-32 is lengthened by 5 amino acids, resulting in AAA having no structural equivalent of Tyr-31 in SpX-1. The closest replacement is His-27 in AAA, which appears to have some interactions with the C6-methyl group of the fucose (Fig. 7B) . However, in AAA His-27 works in combination with Phe-45 and Tyr-46, the latter of which nonconservatively replaces Asn-48 of SpX-1, to completely enclose the C6-methyl group of the fucose. Consequently, although the protein-ligand hydrogen-bonding interactions are identical for the two proteins, the binding site architectures surrounding the C6-methyl group of the bound fucoses are substantially different. This elaborated loop structure in AAA may also contribute to the differing specificities of the proteins; AAA binds comparatively poorly to the Lewis y antigen, whereas this is the apparently preferred ligand for SpX-1. Indeed, the overlap of the SpX-1-Lewis y complex with AAA reveals potential clashes between the GlcNAclinked fucose and His-27 and Tyr-46 of AAA (Fig. 7B) , supporting the importance of this loop structure in defining oligosaccharide specificity in this family of carbohydrate-binding proteins.
AAA appears to exploit the avidity effect of multivalent binding to clustered glycotopes by the formation of a non-covalent trimer with all three binding sites oriented in the same direction (6) . Triplication of the SpX modules appears to achieve the same effect with respect to binding immobilized fucose. However, the relative orientations of the three SpX modules are unknown, and the residues involved in the AAA trimer packing are not well conserved in the SpX modules (not shown), making it difficult to draw meaningful parallels.
Implications-Fucose recognition by the Pseudomonas aeruginosa lectin, PA-IIL, is known to play a role in the virulence of this organism (25) . The mechanisms of virulence are postulated to be through roles in host-recognition, cytotoxicity, and/or biofilm formation; however, all of these rely on the multimeric organization of this protein and its sole ability to bind carbohydrate (25) . This study of S. pneumoniae fucose binding modules suggests a different role for fucose recognition in the virulence of this bacterium. The role of the SpX modules is likely to target SpGH98, a known virulence factor, to host tissues bearing the ABH blood group antigens and, most effectively, the Lewis y antigen. The suggestion then is that the role of SpGH98 in virulence is through its catalytic activity. Anderson et al. (26) recently demonstrated the Clostridium perfringens GH98 to have endogalactosidase activity on the blood group A and B antigens. This group also tested the activity of SpGH98 on the same substrates but failed to detect any activity; thus, the specificity of SpGH98 is currently unknown. However, given the placement of SpGH98 in a fucose utilization operon but the inability of S. pneumoniae to grow on fucose, the predicted extracellular location of SpGH98, and the ability of the SpGH98 modules to recognize host glycans, it is possible that SpGH98 and the operon are involved in the release of fucosylated host glycans and their recycling by the bacterium into anabolic precursors.
